Abstract: Mastication is a forest fuel thinning treatment that involves chipping or shredding small trees and shrubs and depositing the material across the forest floor. By decreasing forest density mastication has been shown to lessen crown fire hazard, yet other impacts have only recently started to be studied. Our study evaluates how mastication treatments alter the density and composition of soil seed banks in three Colorado conifer forest types. The three forest types were (1) lodgepole pine, (2) ponderosa pine and (3) pinyon pine-juniper. Results showed that masticated sites contained higher seed bank densities than untreated sites: a pattern primarily driven by treatment effects in ponderosa pine forests. The seed bank was dominated by forbs regardless of forest type or treatment. This pattern of forb dominance was not observed in the aboveground vegetation cover as it demonstrated more even proportions of the functional groups. Graminoids showed a higher seed density in treated sites than untreated and, similarly, the identified non-native species only occurred in the treated ponderosa pine sites suggesting a potential belowground invasion for this forest type. These results suggest that presence of masticated material might not be creating a physical barrier hindering the transfer of seeds as predicted.
Introduction
Following decades of fire suppression and climate change, the severity and frequency of forest wildfires are increasing across multiple ecosystems [1] [2] [3] [4] [5] [6] . Increasing fire hazards and fuel densities coupled with human encroachment into the wildland urban interface have prompted managers to implement fuel reduction treatments to reduce potential crown fire hazard and threat to property [3, 5, [7] [8] [9] [10] . One such fuels reduction treatment is mastication or the chipping or shredding of unwanted small diameter trees and shrubs, followed by broadcasting this material, commonly called mulch, across the treatment area [10, 11] . Mastication has recently become implemented across many forest types and is now widely used because it is cost-effective, easily implemented and has been shown to modify fire behavior to reduce crown fire hazard [7, 12] .
As fuels are not removed from the site following mastication, the treatment results in greater biomass distributed onto the forest floor [8, 11, [13] [14] [15] [16] [17] . A heterogeneous deposition of masticated materials, or mulch, can lead to variable responses in understory plant cover [18] [19] [20] [21] [22] [23] . At stand level scales, such as over an entire thinning project, mulching has been shown to increase plant diversity and cover due to an increase in light and the maintenance and enhancement of soil moisture [16, 18, 20] .
However, when looking at the system at a finer spatial scale (e.g., m2), the heterogeneity of forest floor fuel depths can have a range of positive and negative effects on the understory vegetation community [16, [18] [19] [20] [21] [22] [23] [24] . Yet defining a vegetation community solely as the active aboveground composition is often incomplete as other species may be waiting to emerge from the belowground seed bank following environmental or structural shifts [25] such as a fuel thinning treatment. While the presence of masticated material can elicit a variety of responses from the aboveground vegetation community, we have yet to understand how the seed bank, and the potential future colonizers of a community, might be altered by this process.
Many plant species rely on seed banks, or the storage of propagules belowground, as a mechanism for dealing with unfavorable conditions [26] [27] [28] [29] . Seed banking strategies, such as persistence, are often correlated with natural or human induced disturbances, [30] ; thus, disturbances can elicit highly variable seed bank release responses. However, ecological disturbances commonly are due to the removal of biomass, such as through a forest fire [31] , or through redistribution and loss of soil layers [32] . While varying in duration and intensity, natural disturbances often leave large areas of exposed soil that facilitate the release of the stored seed bank adapted to exploit gaps [30, 33] . On the contrary, mastication adds plant biomass to the forest floor, thereby leading to the need to understand seed bank dynamics and general treatment effects on understory plant communities and their associated seed banks.
To explore how mastication treatments affect seed bank density and composition, we initiated a study in three Colorado (USA) conifer forest types-lodgepole pine (Pinus contorta Douglas ex Loudon), ponderosa pine (Pinus ponderosa Lawson and C. Lawson) and pinyon pine-juniper (Pinus edulis Engelm.-Juniperus L. spp.). We asked two questions: (1) how do mastication treatments impact seed bank densities, both in total and by plant functional groups (i.e., graminoid, forb, shrub, tree)? and (2) are the changes in aboveground functional group composition mirrored by the seed bank? We hypothesized that mastication would provide a physical barrier hindering the transfer of seeds from above and over time only persistent seeds would remain due to a blocked pathway. This loss of seed transfer could enhance species that rely on seed banks to persist, such as annual forbs, and hinder those that exhibit low seed bank longevity, such as commonly found amongst trees and grasses. We also hypothesized that the aboveground vegetation would not be mirrored by the seed bank, because the physical barrier would cause a filter limiting what would be able to reach the aboveground vegetation, thus exacerbating the disparity between the above and belowground vegetation types.
Methods

Study Area and Design
Our study utilized nine sites in Colorado, USA, (both federally and state owned) that had been treated to reduce crown fire hazard and were a subset of long term plots established by Battaglia et al. [15, 16] . Three sites were located in each of three conifer dominated forest types: (1) pinyon pine-juniper (hereafter referred to as pinyon-juniper), (2) ponderosa pine and (3) lodgepole pine. The pinyon-juniper forests were lowest in elevation (1915 to 2250 m) with an annual precipitation between 5.1 and 7.3 cm and annual average maximum and minimum temperatures of 16.5 to 18.1 °C and −0.6 to 2.6 °C, respectively. The ponderosa pine sites were designated as the mid elevation sites (2100 to 2360 m) and were generally dominated by ponderosa pine, but also often contained a high occurrence of Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco). The ponderosa pine sites receive an annual precipitation between 6.3 and 8.1 cm, and average maximum and minimum temperatures range from 14.2 to 17.1 °C and −1.9 to 1.4 °C, respectively. The highest elevation sites were in the subalpine areas with lodgepole pine as the dominant overstory species (elevation 2700 to 2818 m). These lodgepole pine sites receive an annual precipitation of 10.3 cm and have average maximum and minimum temperatures of 10.9 and −1.8 °C, respectively. All climate data were obtained through WRCC, 2011 [16] .
Mastication treatments were conducted from 2004-2006 with a Hydro-ax© rotary axe mower and vertical shaft as described in Battaglia et al. [15] and Rhoades et al. [16] . The masticated material at these sites consisted primarily of woody biomass that was interspersed with litter and duff during mastication creating a heterogeneous surface fuel composition in the treated sites [15] . The untreated reference sites did not experience the disturbance of mastication and contained more uniform pine needle litter [15, 16] . Mastication treatments reduced tree basal area and shrub cover by 47%-89%, while groundcover vegetation cover increased, particularly for grasses and forbs [15, 16] .
Field Sampling
Sampling occurred in the summer of 2012, 6-9 years following treatments along three replicate randomly located 50 m transects located in both masticated (treated) and nearby untreated reference locations (N = 3 transects per treatment per site). We observed vegetation cover estimates by plant functional group (tree, graminoid, forb, shrub) for three 1-m2 quadrats along each of the pre-established transects (three quadrats per transect × six transects per site × three sites per forest type × three forest types = 162 quadrats).
Quadrats were sampled in areas that were equal to or somewhat greater than the average mastication depth for each forest type [15] to test for the potential barrier a mastication layer may cause. We collected five forest floor depth measurements (litter, duff and ≤10 h fuels 2.54 cm), also called mulch depths in the treated sites, in the four corners and the center of these same vegetation 1-m 2 quadrats and did not observe any significant difference between treated and untreated average forest floor depths (Kruskal Wallis p > 0.05). Forest types differed significantly in their average forest floor depths (Kruskal Wallis, chi-squared = 31.6, p = 0.001 and x2 = 23.6, p < 0.00001) with ponderosa pine and lodgepole pine containing the highest median average depth (4.0 cm ± 0.55 and 3.5 cm ± 0.29, respectively) and pinyon-juniper the lowest median average depths (1.6 cm ± 0.20), which agreed with previous studies at these sites [15, 16] . We collected seed bank samples during the peak growing season to ensure that a majority of seeds had germinated leaving only the stored propagules (i.e., the seed bank) belowground. We collected each soil seed bank sample in the center of the 1-m2 quadrats after removing all material down to the mineral soil. Using a soil bulb planter we obtained 130.5 cm3 of soil at each sampling point to a depth of 5 cm below the mineral soil surface. We maintained samples on ice while transporting from the field. Upon arrival at the lab, we stored the samples for 5 months in cold stratification in a ~2-4 °C cold room which had been shown to break seed dormancy [34] .
Germination Methods
Following cold stratification we sieved the soil samples through a 2 mm soil sieve to remove rocks and large debris and to break up soil clumps and carefully sorted through all material greater than 2 mm for any seeds. As we only observed one seed that did not pass through the sieve, we were confident that we had captured all seed sizes present. To standardize the soil volume used in germination trials, and to remove rocks and debris, we sifted a subset of the samples to a known stratified random volume containing (100 cm3) mineral soil, noting the volume if a sample contained less than this amount. This standardization allowed us to compare the density of seeds found in mineral soil from different sampling locations. We then converted the units of all samples to report the density of seeds found in one L (1000 cm3) of mineral soil.
To determine viable seeds in the soil seed bank we conducted a greenhouse emergence trial at the University of Colorado, Boulder, Colorado, USA. We evenly spread the randomly assigned soil samples (~0.5 cm depth) over 0.5 L of sand in well-draining pots. We placed four additional control pots alongside the samples to evaluate if seed dispersal from nearby greenhouse plants was contaminating our samples. We observed one contaminant species from the greenhouse (Fatoua Gaudich sp. (Moraceae)) and removed this species from the data. We watered soil samples daily for the duration of the study to maintain even moisture levels. We initially recorded germination daily, then, as germination rates decreased we conducted observations every three days, then went over to weekly observations. We counted and recorded all morphologically distinct germinants as they emerged, terminating the trial after two weeks with no new germination (120 days). In an effort to ensure that we had depleted the seed bank after germination, we manually sorted a subset of the soil samples (N = 36) under 10× times magnification and did not observe any remaining seeds in the samples.
Molecular Identification
We implemented a DNA sequencing approach to identify or confirm identification of all unknown and known specimens. We removed 1 cm2 of leaf tissue from the specimen and pulverized it using a Spex Geno/Grinder in the molecular laboratory of E. Tripp (University of Colorado, Boulder). From these samples, we extracted DNA following a modified cetyltrimethyl ammonium bromide (CTAB) protocol [35] . For each sample, we sequenced one of three molecular markers that are among the fastest evolving Sanger loci in plants and that have reference databases represented in GenBank, for the purposes of later identification: nuclear ribosomal ITS+5.8S, the chloroplast psbA-trnH spacer region and the chloroplast trnL-trnF spacer. DNA was amplified via PCR using Qiagen kits, with an annealing temperature between 54-60 °C. Resultant products were purified enzymatically and sequenced unidirectionally by QuintaraBio Company (Albany, CA, USA). To identify sequences to taxonomic group, 200-250 bases of the resulting sequences were run through the National Center for Biotechnology Information's n-BLAST algorithm (http://www.ncbi.nlm.nih.gov/). We considered the top 10 BLAST hits as well as hits that had a ≥90% sequence similarity. In general, hits with ≥95% sequence similarity BLASTED the sequence to genus whereas hits with 90%-94% sequenced similarity were resolvable only to plant family. Following molecular identification, we re-examined specimens morphologically to confirm the sensibility of molecular IDs. Our sequencing methods confirmed the identification of a majority of unknown germinants to either family or genus. In several cases, based on the known aboveground flora, we were able to further assign unknown germinants to species. We used the USDA Plants Database (www.plants.usda.gov) to confirm the most current nomenclature, native status and growth habits of specimens.
Statistical Analyses
To better understand variations among our explanatory variables (forest type, mastication treatment and site location) we obtained the mean number of seeds/L at the transect level for all analyses (total seed counts and individual functional group) testing for differences in forest type and treatment and looking at whether an interaction between type and treatment was present. We tested for differences between plant functional group seed densities (grass, forb, shrub, tree) using a non-parametric Kruskal-Wallis test using R software (RDC, 2014, Vienna, Austria). After finding a difference between functional group densities we analyzed total seed densities and each functional group (grass, forb, shrub) separately using the mixed model GLMMIX procedure (SAS Institute Inc., Cary, NC, USA) testing for differences in type, treatment and an interaction effect between type and treatment. For these models we used a lognormal response distribution and an identity link function. In these analyses the fixed effects were forest type and treatment and the random block effect was site location. Before analyses were conducted we rescaled the data according to Stahel et al. [36] to accommodate 0 values. No treatment effects were observed in any of the analyses conducted. Post-hoc analyses were conducted on total seed densities (seeds/L) by forest type using a Tukey's HSD test on square root transformed data and the difference between untreated and treated total seed densities was determined through a non-parametric two-group Mann Whitney U test (RDC, 2014, Vienna, Austria). We then divided both aboveground vegetation cover and seed bank density functional groups into proportional estimates. Through a series of chi squared tests we compared proportional differences by treatment within a forest type. Significance threshold was set at an alpha of 0.05 and a standard error of ±1.
Results
Seed Banks
We identified 12 plant families in our seed bank samples (Table 1) . Brassicaceae was the most represented family with two annual forb species, Draba cuneifolia Nutt. Ex Torr. & A. Gray and Descurannia pinnata (Walter) Britton, representing 67% and 20% of the seeds observed in this family, respectively. Most of the taxonomic clarity was to family or genus (Table 1 ) yet a prominent identified annual/perennial forb species observed across multiple locations in all three forest types was Androsace septentrionalis L. (Primulaceae). We also found Campanula rotundifolia L. (Campanulaceae) and Heuchera parvifolia Bartlett (Saxifragaceae), both perennial species, mostly occurred in ponderosa pine forests but were also located in lodgepole pine forests. Our identified non-native forb species were Verbascum Thapsus L. (Scrophulariaceae), Linnaria vulgaris Mill. (Plantaginaceae) and Carduus nutans L. (Asteraceae), all of which are classified as noxious weeds by the state of Colorado, USA. We only observed these non-natives in the treated ponderosa pine sites and aside from V. thapsus they occurred in relatively low numbers (Table 1) . We identified one invasive grass species (Bromus tectorum L., Poaceae) in a treated ponderosa pine site. A low occurrence of graminoids was a general trend throughout the seed bank. Carex L. sp. (Cyperaceae) was the most common graminoid found in all forest types regardless of treatment and Agrostis L. sp. as the most common identified grass (Poaceae) species (Table 1) . We did not find any shrub seeds in the pinyon-juniper forest types and sparse shrub seeds densities in the ponderosa pine forests (average of 0.8 ± 0.6 seeds/L for both treatments). The shrub genera and species we observed in low numbers were Rubus L. sp. (Rosaceae) and Ribes L. sp. (Grossulariaceae) and the dominant shrub species found in lodgepole pine forestes regardless of treatement was Jamesia Americana Torr. & A. Gray (Hydrangeaceae) (9.4 ± 6.21 seeds/L for untreated and 7.5 ± 5.5 seeds/L for treated). After assigning individuals into their functional groups (graminoid, forb, shrub and tree) we found forbs made up the majority of the seed bank across samples (mean 19.1 ± 4.0 seeds /L) while graminoids and shrubs contained lower densities (mean 2.7 ± 0.6 seeds/L and 3.0 ± 1.8 seeds/L respectively). The graminoids were the only functional group that displayed a higher density of seeds in treated sites (4.0 ± 1.0 seeds/L) than untreated (1.4 ± 0.5 seeds/L; GLMM, p = 0.01); all other functional groups did not differ across treated and untreated. Forbs were the only functional group that differed by forest type (GLMM, p = 0.0008) in which fewer forb seeds were found in the lodgepole pine (6.1 ± 1.6 seeds/L) and pinyon-juniper (20 ± 5.7 seeds/L) forests than in the ponderosa pine (31.4 ±10 seeds/L).
When considering total seed density responses to mastication, we observed a significant treatment effect (GLMM, p = 0.04) where treated sites contained twice the density than untreated sites (33.8 ± 7.8 versus 16.3 ± 3.7 seeds/L, respectively). Seed density also significantly differed across forest types (GLMM, p = 0.02), with the highest density of seeds found in ponderosa pine forests (36.4 ± 10.5 seeds/L), while pinyon-juniper and lodgepole pine forests contained 23.3 ± 6.0 and 15.6 ± 5.4 seeds/L, respectively (Figure 1 ).
Figure 1.
Seed densities per L of sifted mineral soil by forest type and treatment. Letters indicate significant differences between forest types as determined by sqrt transformed data using Tukey's HSD comparison and the asterisk indicates significance between treated and untreated within a forest type through an independent 2-group Mann-Whitney U Test.
Aboveground Vegetation
Aboveground vegetation cover by functional groups significantly differed between treated and untreated sites for both lodgepole pine (x2 = 16.9, p = 0.0007) and ponderosa pine forests (x2 = 23.73, p < 0.0001), but not for pinyon-juniper sites (Figure 2 ; p > 0.05). Proportional abundances of functional groups were also notably different among aboveground and belowground communities, as seed banks were heavily dominated by forbs (Figure 2) . 
Discussion
Forest thinning treatments can elicit a variety of vegetation responses depending on the method used [18] [19] [20] [21] [22] [23] [24] . As mastication deposits the plant biomass on the forest floor instead of removing it from the system, a physical barrier may be present and potentially altering seed bank compositions. Through morphological and genetic identifications, we examined soil seed bank responses to fuel reduction completed via mastication treatments across three forest types. We observed a higher density of seeds in sites treated with mastication, a result largely driven by seed densities in the ponderosa pine forest type and by the higher occurrence of graminoids in the masticated sites compared to the untreated reference sites. Seed bank densities did not differ by treatment in lodge pole pine and pinyon-juniper forest types. While not differing across treatments the forb functional group did vary by forest type with a higher density of forb seeds observed in the ponderosa pine forest type than in the lodge pole pine and intermediate densities in the pinyon-juniper type. Overall, in comparison, the aboveground plant community cover had a more even representation of functional groups, while the seed bank was strongly skewed towards forbs over any other functional group.
Seed Banks
Seed banks often release after disturbance to quickly colonize an area [37] , and mastication can be considered one such disturbance. Our results showing forbs as the dominant seed bankers agrees with other recent seed bank studies [37, 38] yet the forbs appear to be maintained in the seed bank and do not reach the aboveground as found in other disturbed sites [37] . Forbs seemd to be driving the difference in overall seed densities among forest types (Figure 2 ). This segregation by forest type can be explained by the association with niche parameters unique to the abiotic and biotic conditions of each forest type. In a similar vein, while not very high in numbers, the only identified non-native species we found were only in the treated ponderosa pine sites. Non-native species are often opportunistic colonizers of disturbed areas and thinning projects in ponderosa pine forests have been shown to invite invasives aboveground [e.g., 40], and our study suggests that this invasion can also be transferred belowground to the seed bank. This potential transference of invasives from aboveground to seed banks after mastication leads us to believe that the presence of a mastication layer may not be acting as an impenetrable barrier hindering the flow of seeds as hypothesized.
The only functional group that showed a higher occurrence of seeds across the treated and untreated sites was the graminoids. While highly species dependent, grass seeds are generally thought to be less persistent in the seed bank compared to forbs and shrubs [29, 39] . Grasses, often colonize forest openings, as fuel thinning treatments are designed to thin the canopy and consequently, the understory receives increased light. This increase of grasses, whether invasive or native, in fuel treatments has been documented in a variety of thinning treatments [16, 40, 41] , which suggests that many of the graminoids found in the seed bank were likely deposited after the mastication treatment. Even with the highly variable densities observed across the forest types this study displayed comparable seed densities to seed bank studies conducted in similar ecosystems [42] [43] [44] [45] .
Aboveground Vegetation
With an observed difference in proportions of aboveground functional group cover in treated versus untreated forest types-both lodgepole pine and ponderosa pine-this difference was not as pronounced in the seed bank (Figure 2 ). Previous studies in these systems have found that higher vegetation cover, especially in grasses and forbs, occurred in the masticated sites, yet this relationship varied by mulch depths [16] . While our study did not directly test the impacts mastication has on aboveground vegetation, we did observe a high disparity between the proportions of functional groups aboveground and in the seed bank. This discrepancy agrees with seed bank literature [46] , as seed banks are often divergent from their aboveground counterparts, as they are limited by an environmental filter [47] and are stored for more appropriate environmental conditions specific to their needs [28] . Within the context of mastication the thick mulch layer could be acting as the primary environmental filter through both indirect and direct effects. The indirect effects of a mulch layer acting as an environmental filter may be the due to the reduction of light reaching the soil surface and more uniform soil temperatures not triggering germination in the thicker mulch depths [16, 48] . A direct filter may be the physical mulch layer allowing for the aboveground deposition of seeds, in the form of seed rain, to enter the seed bank, but limiting their upward mobility. This downward seed transfer could be permitted because of the highly heterogeneous surface fuel structure of the masticated material [10, 11, [15] [16] [17] [18] 49] compared to the more uniform litter of the untreated sites. With low aboveground cover observed in the higher mulch depths [16, 18] the influx of seeds through the mulch layer may be dispersed in from surrounding areas containing lower mulch depths that have increased vegetation cover [18] . While our data have suggested there is not a strong physical barrier limiting seed transfer in these median mulch depths as hypothesized, this study has not tested if germinants from the seed bank are able to push upwards through the thicker masticated layers, and additional work is needed to address this.
Conclusions
Mastication is a forest thinning treatment that incorporates shredded or chipped small diameter trees and shrubs onto the forest floor [11] . While highly variable in their ecological responses, mastication treatments often create an open canopy allowing for the inclusion of light, enhance soil moistures and increase plant available N and vegetation cover [16] [17] [18] [19] [20] [21] [22] [23] [24] 49 ], which in turn increase the potential for seed rain and overall storage in the seed bank. Through understanding soil seed bank compositions we can begin to predict the potential future of the aboveground vegetation community and effects of a forest thinning treatment on the vegetation community as a whole. We have hypothesized that in addition to ecological effects such as changes in soil moisture and nutrients, a mastication layer presents a physical barrier for seed transfer into mineral soils. Our results, however, did not provide evidence of reductions in seed bank densities in three coniferous forest types of Colorado (USA) and actually showed increases in seed densities in masticated ponderosa pine and pinyon-juniper forests. Additionally, while not found in high numbers, the only identified non-native species found in the seed bank were found in the treated ponderosa pine sites. As we did not observe the same instance of non-native seeds in the nearby untreated sites this suggests that the mastication layer is not providing a physical barrier and is likely allowing the transfer of seeds from the aboveground vegetation to reach the seed bank. Further support for this transfer of seeds was the increase of graminoid seed density in the treated sites, a trend that was also observed aboveground in the ponderosa pine vegetation. While the total density of forbs did not differ across treatments it did differ across forest types and comprised the highest proportion of seeds compared to other functional groups. This dominance of forbs in the seed bank was not found in the aboveground vegetation cover. Overall, with higher seed bank densities found in the treated sites our study suggests that presence of a mastication layer does not deplete the soil seed bank and a seed transfer is likely in the three Colorado conifer forests tested.
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